Background: Depression that does not respond to antidepressants is treatment-resistant depression (TRD). TRD definitions include assessments of treatment response, dose and duration, and implementing these definitions in claims databases can be challenging. We built a data-driven TRD definition and evaluated its performance.
treatment to not responding to sequential treatments. The National institute of Mental Health-funded Sequenced Treatment Alternatives to Relieve Depression (STAR*D) trial, which enrolled 4,041 subjects randomized to different pharmaceutical treatments for depression, found that resistance to treatment markedly increased after the failure of two treatments at adequate dose and duration (Conway, George, &Sackeim, 2017; Rush et al., 2006a) .
The use of observational healthcare databases, such as administrative claims and electronic health records, offers the opportunity to study large numbers of patients whose care reflect real world settings and it can provide real world evidence to inform medical decisions. However, implementing some of the current expert-based clinical definitions is difficult. Take, for example this definition of treatment-resistant depression: "depressions that do not resolve after antidepressant treatment in adequate doses or intensity and for a time sufficient for response" (Fava & Davidson, 1996) . Implementing such a definition in claims databases is challenging because of the subjectivity involved in the assessment of adequate duration, the variability associated with daily dosing, and nonadherence that is not fully captured, and the difficulty in ascertaining why medications were replaced or stopped. Changes in medications could be due to adverse events, lack of effectiveness, or remission (Kubitz, Mehra, Potluri, Garg, &Cossrow, 2013) . In the absence of information on how patients are responding to treatments in claims databases, it is difficult to ascertain the reason for the medication change, so many assumptions are used to decide whether or not a treatment failed.
Therefore, the definitions of TRD in claims databases are often complex (Kubitz et al., 2013) . This complexity could be avoided if the definition was based solely on the number of different antidepressants and antipsychotics, a subject was exposed to during a specific time period. However, it is difficult to know if one definition is indeed better than another.
One approach to evaluating the performance of alternative TRD definitions is to use a reference 'gold standard' proxy for TRD, such that definiitons can be compared on their ability to identify reference cases and discriminate from noncases. A suitable 'noisy label' proxy would have high specificity, meaning patients observed with the proxy are highly likely to be classified as having the disease of interest (Agarwal et al., 2016) . For TRD, a proxy for the disease could be any treatments that are recommended and consistently employed specifically in those cases when the depression has not responded to other treatment options (Conway et al., 2017) . The treatments we considered were electroconvulsive therapy, deep brain stimulation, and vagus nerve stimulation (Conway et al., 2017) , as these are consistently used to treat of subjects with TRD. Subjects undergoing these procedures are likely to have Stage II TRD (Conway et al., 2017) . We wanted to separate depression severity from depression that is resistant to treatment as much as possible (Mathew, 2008) , so we did not include suicide or suicide attempts as proxies.
We sought to build a data-driven definition of TRD and evaluate its performance relative to expert-based heuristic definitions.
MATERIALS AND METHODS

Target population
The target population was comprised of subjects who had at least one visit to a healthcare provider and who on the day of the visit: 1. Had a diagnosis of major depressive disorder or other depression diagnosis, 2. Were continuously observed in the database for at least 365 days prior to the visit, 3. Had at least one dispensing of an antidepressant in the previous 365 days, 4. Had another diagnosis of major depressive disorder or other depression diagnosis in the previous 365 days, 5. Had no prior diagnosis of mania, dementia, or psychosis, and 6. Were ≥18 years of age at the time of the visit. Appendix 1 describes the concepts used to define depression, mania, dementia, and psychosis.
The target population was stratified into two populations: those with the outcome (proxy for TRD) and those without. All patients with a procedure code on an inpatient or outpatient medical claims record for electroconvulsive therapy, deep brain stimulation, or vagus nerve stimulation within 7 days of any qualifying visit were classified as having the proxy for TRD. The first such visit where the procedure code was observed was designated as the index date for these cases. For patients without any 'TRD proxy' procedure code, the index date was selected randomly from among the qualifying visits. Appendix 2 describes the concepts used to define electroconvulsive therapy, deep brain stimulation, and vagus nerve stimulation. Optum is an administrative health claims database containing people who are fully insured in commercial plans and Medicare. Only members with both medical and prescription drug coverage are included (n = 74 million subjects). Since it has data on subjects 65 and older, we partitioned it by age to facilitate assessment of the transportability of the model.
Data sources
All available years for CCAE, Optum partitioned by age, < 65 and 65 and older, and Medicare only for subjects ≥65 were used.
All the databases were converted to the Observational Medical Outcomes Partnership (OMOP) common data model (CDM) (Stang et al., 2010) . One advantage of a standardized format and content is that the same analytic code can be applied to all three databases (Voss et al., 2015) . The standardization of the content is achieved through the implementation of a standard vocabulary with source code mapping. In the OMOP, vocabulary drugs and conditions are referred to by concepts. The OMOP vocabulary provides relationships and ancestry relationships between concepts and extensive mapping to a variety of classification systems (Reich, Ryan, Stang, & Rocca, 2012) , so that drugs and conditions can be grouped at specific levels of a hierarchy in a specific classification system. A series of standardized analytic tools have been developed against the OMOP CDM as part of the Observational Health Data Sciences and Informatics (OHDSI) collaborative (Hripcsak et al., 2015) .
Potential definitions
We created variables that contain information on drug utilization at 3 months, 6 months, and 1 year before the index date. These variables were: number of antidepressants and antipsychotics at the ingredient level, number of antidepressants with adequate doses, and number of antidepressants with adequate duration. Adequate doses were obtained from published literature (Desseilles et al., 2011) . We also included the number of psychotherapy sessions since some of the clinical definitions of TRD include not only failure of medications, but also the failure of psychotherapy (Conway et al., 2017) . Finally, we included the total number of antidepressants a subject had while in the database.
In addition, we included five expert-based heuristics definitions of TRD developed for use in claims databases. Each definition states that a patient has TRD if ≥2 antidepressant failed. Failure is considered to occur when a new antidepressant or antipsychotic is added (Fife et al., 2017a) . What distinguishes these definitions are (Fife et al., 2017b ): 1. Differences in the maximum time when a new treatment must begin before the original treatment can be considered a failure (≤90 days, ≤180 days, or no limit); and 2. A treatment can only fail if it has been prescribed at an adequate dose. In all of these definitions, the treatments also had to be present for at least 28 days before being considered a failure.
Appendix 3 describes the ingredients used to define antidepressants and antipsychotics.
Analysis
To evaluate which attributes, including both count variables and expert-based heuristic defintions, best discriminates TRD cases from noncases, we fit a decision tree predictive model. A decision tree is a nonparametric method that creates simple decision rules inferred from the data. These rules are easy to understand and apply. An additional advantage over traditional regression models is that it optimally selects cutoffs for continuous variables. In this study, we had numerous continuous variables that needed to be dichotomized. For example, the number of antidepressants the subject had in a year, the decision tree optimized the cutoff at ≤3 antidepressants.
A decision tree for each time period (3 months, 6 months, and 1 year before the index date) was created. Each decision tree was trained using 10 variables (see Table 2 ) and we limited the number of branches (depth) of the decision tree to two. The decision tree selects the variables that best discriminate between the two groups. The best definition for TRD was simply the rule extracted from the decision tree that achieved the highest discrimination.
To assess whether the model discriminated between subjects with and without evidence of TRD, we calculated the area under the receiver operating characteristic curve (AUC). The higher the AUC the better the model discriminates between the subject with and without evidence of TRD; an AUC of 0.50 means the predictive model is no better than random chance, while an AUC of 1.0 means the model can perfectly discriminate cases from noncases.
We conducted an internal validation using a 20-80 test/train split of the data and an external validation, as a measure of transportability.
For the external validation, we applied the best trained model obtained in the CCAE database to the other databases and assessed the AUC.
We selected the CCAE database as it had the largest sample of subjects with and without evidence of TRD.
We chose a single metric, the F1 score, to convey and compare the overall performance of the TRD definition obtained by the best model with alternative definitions.The F1 score is the weighted average of the positive predictive value and sensitivity-(Positive predictive value* Sensitivity)*2/ (Positive predictive value+ Sensitivity). The closer the F1 score is to 1, the better the performance of the definition (Powers, 2011). We selected the F1 score over accuracy because accuracy should not be used when there is an uneven distribution of the outcomes being predicted, as in this case where the number of subjects with no evidence of TRD is much larger than the number of subjects with evidence of TRD.
To describe the overall performance of the best model (the best decision rule), we calculated and reported sensitivity and specificity.
Sampling
To run the decision tree models efficiently, we randomly sampled subjects with no proxy for TRD at a 10 to 1 ratio to subjects with the proxy for TRD. Cases and noncases were matched on age, gender, time since first antidepressant recorded in the databases to index date and time since first diagnosis of depression in the database to index date. We used the OHDSI patient level prediction R package for the analysis (Reps, Schuemie, Suchard, Ryan, & Rijnbeek, 2017) .
RESULTS
A total of 33,336 subjects had no evidence of TRD, and a total of 3,566 subjects met our definition of definite TRD in the three databases.
Most of the subjects with evidence of TRD were women, ( Table 1 ).
The matching successfully balanced age, gender, and time since first diagnosis of depression recorded in the database to index date and time since first antidepressant recorded in the databases to index date between the subjects with no evidence for TRD similar to the subjects with evidence of TRD ( 
Notes:
TRD: Treatment-resistant depression number of psychotherapy sessions was greater in subjects with evidence of TRD than in subjects with no evidence of TRD. The magnitude of the difference increases with time, as it is smaller at 3 months than at 12 months. Similarly, as time increases, a higher number of subjects were identified as having evidence of TRD using the expert-based heuristics definitions for TRD (Table 2) .
Decision tree
A decision tree model was run in the CCAE database for each time period (3, 6, and 12 months). Two variables were consistently selected by the model in all time periods: 1) number of antidepressants and 2) number of antipsychotics.
The AUC increased for longer time periods. We selected the decision tree model at the 12-month period as it was the best model with an AUC of 0.81. This rule states that if a subject ever had ≥1 antipsychotic or ≥3 antidepressants in the last year the subject had TRD (Table 3 ).
The decision tree rule had a higher F1 score (F1 = 0.44) than the other expert-based heursistic definitions (Table 4 ).
The specificity of the best decision tree and the the best decision rule was 0.84 and the sensitivity was 0.73.
Transportability
The best model in CCAE (12-month time period) was applied to the other databases to assess the transportability. The transportability could change because of differences in the characteristics of the population in each database.
The characteristics of the population in the Optum and Medicare databases are described in Table 4 . Similar to CCAE, subjects with evidence of TRD in the Optum and Medicare databases had a larger number of antidepressants, antipsychotics, and psychotherapy sessions (Table 5) .
The model transported very well; the AUCs for Optum < 65 was 0.79, for Optum ≥65, and Medicare was 0.78.
Rule
Clinically, the decision rule states that a patient with diagnosis of depression, who has received at least one antidepressant and is free of dementia, psychosis, or bipolar disorder will have TRD if she or she has received ≥ 3 antidepressants or ≥ 1 antipsychotic in the last year.
Applying this rule into CCAE database, we found that 15.8% of subjects with depression who are being treated with an antidepressant and had no diagnosis of mania, dementia, and psychosis had TRD.
DISCUSSION
The definition that best discriminates between subjects with and without evidence of TRD in claims databases simply considers the number of distinct antidepressants and antipsychotics the subject has had in the last 12 months: ≥ 3 antidepressants or ≥ 1 antipsychotic.
The more complex expert-based heuristic definitions created to discern if an antidepressant is changed because of lack of efficacy, lack of tolerability, inadequate dose, or duration do not discriminate as well.
The data-driven definition not only achieves better performance, but is simpler to understand and implement. The simplicity of the definition facilitates the implementation of the rule by others for future work and facilitates the understanding of the findings as there is less room for subjective and therefore controversial decisions. This simple definition not only has a better discriminatory ability than the complex ones, but still discriminates well when applied to new databases that have different population characteristics such as age. This transportability substantially strengthens the validity of the findings.
Our TRD definition is data driven in that a definition was not imposed on the data; we learned from the data. Our approach responds to calls for having a TRD definition that is evidence based (Conway et al., 2017) . Because the rule was based on the data, the subjectivity of defining the parameters in more complex definitions disappears. For these more complex definitions, small variations in the parameters had appropriate when a subject is on more than one antidepressant.
TA B L E 2 Drug utilization in CCAE
Clinicians face similar problems when trying to decide whether or not the patient they are treating has TRD (Fava, 2003) . First, there is subjectivity in deciding whether a treatment has had an adequate duration, what an adequate dose is when the patient is on more than one antidepressant, or how to assess dose adjustment due to tolerability. responses to treatment in previous depression episodes. And fourth, the assessment requires that the patient has good recall of previous treatment regimens. Therefore, the rule we created to identify subjects with TRD could also be used clinically and not only to study TRD in healthcare databases. It is very simple, it only requires the number of antidepressants and antipsychotics taken in the prior year.
The indication of TRD in this study was based on proxies. Although the therapies included as proxies are recognized treatments for TRD,(Health Quality Kolar, 2017; Ontario, 2004) these therapies can also be used for the treatment of patients with severe depression and imminent risk of suicide, who may not have TRD. Furthermore, in clinical practice not all patients who have TRD receive these therapies.
So, the proxy has imperfect specificity and imperfect sensitivity. The impact of having an imperfect proxy is measurement error and likely leads to an underestimation of the rate of TRD.
Since we used electroconvulsive therapy, deep brain stimulation, or vagus nerve stimulation as proxies for TRD, this definition of TRD likely represents stage II TRD, where the degree of resistance warrants more invasive or higher risk antidepressant treatments (Conway et al., 2017 ). As our model was based on severe cases of TRD, it may impact the generalizability of the model. Nonetheless, we found that 16% of subjects who have depression treated with antidepressants had TRD using our definition, this estimate is within the prevalence range of TRD in subjects with depression suggesting that the model is indeed generalizable.
The published prevalences of TRD can change substantially depending on how TRD is defined and the setting. It varies from 9%
when the requirement is a failure to respond to a third antidepressant (Rush et al., 2006a) to 50% when the metric is clinical response to an antidepressant (Fava & Davidson, 1996; Nemeroff, 2007) . The prevalence of TRD is lower in primary care settings and higher in tertiary care centers (Nemeroff, 2007) . In this study, subjects from both primary and tertiary centers were included. To define TRD we used what is equivalent to treatment failures, the number of treatments.
The subjects in these databases represent families with private insurance and Medicare. Thus, the findings may not be generalizable
to subjects with means-tested public insurance.
CONCLUSION
In summary, we created an evidence-based definition that discriminates nicely between subjects with and without proxies for TRD, a rule that is transportable to many other claims databases with different patient characteristics. The decision tree rule states that a subject with pharmaceutically treated depression who has had ≥ 3 distinct antidepressants or ≥ 1 antipsychotic in a year is classified as having TRD. Approximately, 16% of subjects who have depression treated with antidepressants had TRD.
